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ABSTRACT: To understand the influence of monomer
sequence on the properties and performance of conjugated
oligomers, a series of dimers, trimers, and tetramers were
prepared from phenylene (P) and benzothiadiazole (B)
monomers linked by vinylene groups. Optical and electro-
chemical studies established the influence of sequence on both
the λmax and redox potentials of this series of structurally related
oligomers. For tetramers with bromo end groups (PBBP,
BPPB, PBPB, PPBB), the λmax ranged from 493 to 512 nm (Δ
= 19 nm), the electrochemical oxidation potential from 0.65 to
0.82 (Δ = 0.17 V) and the reduction potential from −1.45 to
−1.31 (Δ = 0.14 V), all of which are sequence-dependent. The effect of end groups (cyano, bromo, and alkyl) was also
demonstrated to be important for the properties of these oligomers. DFT calculations of the tetramers were performed and the
energy levels were correlated well with the experimentally determined spectroscopic data. Bulk heterojunction (BHJ) solar cells
fabricated with selected tetramers as the donor and PC61BM as the acceptor exhibited power conversion efficiencies that varied
by a factor of 3 as a function of sequence (0.47−1.85%). These results suggest that sequence control is important for tuning
optoelectronic properties and photovoltaic performance of these structurally related conjugated oligomers.
■ INTRODUCTION
The power and potential of conjugated organic materials stems
from their rich diversity and ease of tailoring key properties
including optical band gap, absorption and emission intensities,
packing, and charge transport properties.1−4 Applications
include photovoltaics, efficient organic light-emitting displays,
photocatalytic systems, polymer batteries and supercapacitors,
and more.3,5−11 While the majority of the conjugated materials
have been polymeric systems, more recent scientific efforts have
demonstrated that oligomers, with complete control over chain
length, chain ends, and chemical purity, offer unique
advantages.5,6,9,10,12
Controlling monomer sequence is increasingly used to
engineer properties in (nonconjugated) copolymers, but has
not been widely exploited in conjugated systems.13−15 In order
to achieve desirable properties for these applications-oriented
conjugated polymers, researchers have largely focused on
designing increasingly sophisticated repeat units,2,16 tailoring
side-chains,17,18 and combining electron-rich and electron-poor
monomers (donor−acceptor strategy).3,19−23 Some efforts have
also focused on the use of end group modification to control p-
and n-type carrier transport, oxidation and reduction potentials,
and optical properties.6,24 Nevertheless, sequence remains
largely unexplored in these conjugated materials; in contrast,
results from nonconjugated materials have demonstrated that
sequence control is important and has significant impact on
properties of materials.25−35
We are interested in applying the sequence control strategy
to conjugated oligomers and polymers; more importantly, we
intend to study these structurally related materials to
understand the effects of sequence on properties related to
the use of these materials in photovoltaic devices. Though
scarcely reported, there have been some promising examples of
sequence effects.26,36−39 For example, Liang and co-workers
reported that two sequence-isomeric conjugated oligomers
exhibited power conversion efficiencies that were significantly
different, 4.53% vs 1.58%.39 Sequence-based differences in
morphology were also observed by Palermo et al. in their
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investigation of thiophene- and selenophene-based conjugated
polymers with gradient sequence, block, and random
structures.36 The influence of sequence on properties,
particularly photophysical properties, was also established by
Noonan and co-workers for a series of copolymers comprising
sequences of furan, thiophene, and selenophene.40
These intriguing reports have inspired us to further
understand the influence of sequence on copolymer properties
through the systematic preparation, characterization, and
modeling of sequenced conjugated oligomers and polymers.
In a prior study, we synthesized a series of oligomers using two
monomersan unsubstituted and a dialkoxy-substituted
phenylenevinyleneand discovered that the sequence strongly
affected oxidation potentials, HOMO energies, and band gaps
of these otherwise largely identical oligomers.14 In tetramers,
we found that the optical band gaps could be tuned over a
range of 0.2 eV, based only on sequence and the end groups,
despite that both monomers are electronically similar.
In the present investigation, we further explore the effect of
sequence with two electronically different monomers: dialkoxy-
substituted phenylenevinylene (electron-rich, P) and benzo-
thiadiazole vinylene (electron-poor, B). While these monomers
have been widely investigated for applications in OLED and
solar cells,41−46 the effect of sequencing these monomers have
Figure 1. (a) Schematic depicting synthetic strategy,. (b) Sample synthesis of two sequenced oligomers.






red c/V ΔEgapec d/eV
Br-PB-Br 432 576 2.97 1.05 −1.50 2.55
Br-PB-CN 450 593 − − −
C8-PB-C8 429 585 2.98 − − −
Br-BPB-Br 479 − − − − −
Br-PPB-Br 464 628 2.29 0.77 −1.44 2.21
Br-PBP-Br 476 594 2.28 0.89 −1.47 2.36
Br-PBP-CN 467 583 2.29 − − −
Br-PPB-CN 498 658 2.14 − − −
Br-BPP-CN 458 609 2.33 − − −
C8-BPP-C847 448 613 − − −
C8-PBP-C847 489 618 − − − −
Br-BPPB-Br 493 639 2.19 0.65 −1.45 2.10
Br-PBPB-Br 507 613 2.15 0.75 −1.44 2.19
Br-PBPB-CN 523 702 2.07 − − −
Br-PPBB-Br 508 637 2.10 0.71 −1.31 2.02
Br-PPBB-CN 530 707 1.99 − − −
Br-PBBP-Br 512 595 2.13 0.82 −1.31 2.13
aMeasured in CHCl3 (1.0 × 10
−5 M); bDetermined at the onset of absorption spectra; cPotential vs Ag/Ag+, 240 μM in 0.1 M Bu4NPF6 in THF;
dDetermined as ΔEgapec = e(Epeakox − Epeakred );
eB: benzothiadiazole unit. P: 2,5-dihexylalkoxy substituted phenylene units. Br: bromo end group, CN:
cyano end group; C8: −CH2(CH2)5CHCH2.
DOI: 10.1021/acs.macromol.6b02215
Macromolecules 2017, 50, 151−161
152
not been probed outside of our preliminary communication.47
In that early comparative study, we characterized two trimers
prepared from P and B units and incorporated these trimers
into polymeric structures. Herein, we extend our earlier study
to tetrameric oligomers, and comprehensively investigate the
effect of sequence and end groups on optoelectronic properties
of these materials and their performance in bulk heterojunction
solar cells.
■ RESULTS
Synthesis. A series of conjugated oligomers with varying
sequences were prepared by connecting two units, benzothia-
diazole (B) and 2,5-dihexylalkoxy-substituted phenylene (P),
with vinylene linkers (Figure 1a). The oligomers comprised
dimers, trimers and tetramers, based on the total number of P/
B units, and bore either two bromo (Br) end groups, one Br
and one cyano (CN) end group, or two α-olefinic alkyl groups
(C8). Species with reactive end groups including aldehyde
(CHO) and dimethyl phosphonate (Phos) were also prepared
as synthetic intermediates. Oligomers are named throughout by
listing their P/B sequence and end groups, e.g., Br-PB-CN.
Oligomers were assembled from a set of building blocks by
sequential Horner−Wadsworth−Emmons (HWE) reactions as
described previously (Figure 1b).47 Nitrile-terminated
oligomers were prepared for subsequent additions by reductive
conversion to the aldehyde functionality. Using this approach,
two dimers, six trimers and six tetramers were prepared (Table
1).
Optical and Electronic Properties. The optical and
electrochemical properties of the sequenced oligomers were
determined and are presented in Table 1 and Figures 2 and 3.
As expected, the absorption maxima show a red-shift with
increasing oligomer length: dimers (429−450 nm), trimers
(458−479 nm), and tetramers (490−530 nm). Emissions
likewise shift toward longer wavelengths; and band gaps, both
optical and electrochemical, narrow as expected with increasing
conjugation length.
Although it is challenging to deconvolute the end group
effects from the sequence effects in these oligomeric structures,
we were able, with such a rich library of oligomers, to
understand the trends and focus our attention on bromo end
groups, which have only a minor impact on the electronic
properties. In considering end group effects, it is important to
understand that terminal units are distinct from internal ones
due to the neighboring free space, independent of the identity
of the functional end group. As tetramers comprise 50%
terminal monomers and 50% internal monomers, many
Figure 2. Absorption and emission spectra: (a) absorption spectra for all dibromo trimers in chloroform (1.0 × 10−5 M); (b) absorption spectra for
PPB trimers bearing cyano and bromo end groups in chloroform (1.0 × 10−5 M); (c) emission spectra for selected trimers in chloroform (1.0 × 10−5
M); (d) absorption spectra for all dibromo tetramers in chloroform (1.0 × 10−5 M); (e) film absorption spectra of dibromo tetramers, cast from
chloroform solution; (f) emission spectra for dibromo tetramers in chloroform (1.0 × 10−5 M).
Figure 3. Sample cyclic voltammograms and differential pulse
voltammograms of (a) Br-PBPB-Br and (b) Br-PPBB-Br.
DOI: 10.1021/acs.macromol.6b02215
Macromolecules 2017, 50, 151−161
153
changes in sequence will necessarily involve changes in the
terminal monomers as well.
Consistent with our earlier studies on sequenced phenyl-
enevinylene oligomers, the effect of the unsaturated, electron-
withdrawing cyano substituent was profound and depended
significantly on the identity of the terminal monomer to which
it was attached. Comparing two oligomers that have the same
inherent sequence, PPB, but reversed end groups, Br-BPP-CN
vs Br-PPB-CN (=CN-BPP-Br), it was observed that the λmax
red-shifted nearly 40 nm. Adding the cyano end group to a B
monomer created a much stronger electron-withdrawing unit.
Oligomers with -CN attached to a P monomer absorbed at a
slightly higher energy than the other PPB analogues studied.
Oligomers with the -CN located on a B-monomer absorbed at
lower energies than the dibromo-terminated sequences (e.g.,
Br-PPB-CN and Br-PBPB-CN)
Bromo and C8 end groups appeared to exert only a modest
influence on the optical properties, especially when compared
to the highly perturbing − CN. That being said, the same
pattern of dependence on the identity of the terminal monomer
which was noted for -CN was also observed for these two end
groups. The C8 (C8 = −(CH2)6CHCH2) group would be
expected to be only a mild σ-donor while the bromo group
should be modestly σ-withdrawing and π-donating. In solution,
a red shift of 13 nm was observed when changing the electron-
withdrawing Br to an electron-donating C8 on P units in the
PBP analogues, Br-PBP-Br (λmax = 476 nm) and C8-PBP-C8
(λmax = 489 nm). The effect of the interaction of the end group
with the attached monomer can also be seen in the comparison
of Br-PB-Br (λmax = 429 nm) vs C8-PB-C8 (λmax = 432 nm)
and Br-PPB-Br (λmax = 464 nm) vs C8-PPB-C8 (λmax = 448
nm). On the basis of these data, we hypothesize that when a Br
attached to a B unit is replaced with a C8, e.g., Br-PB-Br to Br-
PB-C8, the blue shift of the λmax is partly canceled by the red
shift due to the C8 substitution of the Br on the P unit, e.g., Br-
PB-Br to C8-PB-Br. As these effects were relatively modest
relative to those observed with the -CN group, we elected to
focus our sequence comparison studies on the dibromo-
substituted oligomers.
In examining the Br-terminated oligomers, we did indeed
find evidence for sequence effects in both the trimer and
tetramer series (Figure 4). Focusing only on the two trimers
with the same 2:1 ratio of P:B and bromo end groups, Br-PBP-
Br and Br-PPB-Br, differences in absorption maxima (Δ = 10
nm), oxidation potential (Δ = 0.12 V), and electrochemical gap
(Δ = 0.15 V) were observed. The reduction potentials were,
however, similar (Δ= 0.03 V), suggesting that they are
determined primarily by the single B unit. It should be noted
that Br-PPB-Br, which is the name used throughout this paper,
could also be written as Br-BPP-Br.
Unambiguous sequence effects are also clearly seen in the
dibromo-terminated tetramer series all of which have the same
1:1 P:B ratio. Most persuasively, the two bromo-terminated
tetramers Br-PPBB-Br and Br-PBPB-Br, exhibited the largest
difference in the magnitude of their electrochemical gaps (0.17
V). Since both of these oligomers have exactly one P-Br and
one B-Br interaction, the difference must be attributed to
sequence alone. Br-PPBB-Br exhibited both a less positive
reduction and less negative oxidation potential than the
alternating sequence isomer (Br-PBPB-Br). In examining the
other two oligomers in the series, it became clear the presence
of a BB-pairing defines the reduction potential: both Br-PPBB-
Br and Br-PBBP-Br were reduced at −1.31 V. The oligomers
Br-BPPB-Br and Br-PBPB-Br exhibited more negative
reduction potentials of −1.45 and −1.46 V, respectively. The
trend in oxidation potentials appears to depend more on the
distance between P units. Those oligomers with a PP-pairing,
Br-BPPB-Br and Br-PPBB-Br, exhibited lower oxidation
potentials than those with separated P units. The trend is
gradual, however, not binary as was the case for the reduction
potentials vs BB-pairings.
We also observe some intriguing sequence effects in the
solution phase absorption and emission spectra, especially in
absorption/emission intensities. For the trimers with a 2:1 P:B
ratio, the absorption intensities at 10−5 M in chloroform are
similar (ca. 0.3 × 105 cm−1 M−1) but the emission intensities
are dramatically different (Figure 2e). In particular, the
intensity of the emission for Br-PBP-Br of 80 × 105 cm−1
M−1 is at least 4× larger than that for all other oligomers
characterized. Within the 1:1 P:B tetramer series, the
absorption intensities are modestly different (range 0.35−0.5
× 105 cm−1 M−1) with Br-BPPB-Br > Br-PBPB-Br > Br-
PPBB-Br > Br-PBBP-Br which is inversely related to the
increase in absorption wavelength. The emission intensities for
these tetramers exhibited larger differences (range 5−20 × 105
cm−1 M−1) but follow the order Br-PBPB-Br ≈ Br-PPBB-Br >
Br-BPPB-Br > Br-PBBP-Br which does not appear to correlate
with the changes in emission wavelength. These differences in
intensity cannot be simply explained as the trends differ
between the trimeric and tetrameric oligomers. For example,
the two oligomers with the highest degree of quenching, Br-
PPB-Br and Br-PBBP-Br, are dissimilar in both symmetry and
end group attachment. The lack of correlation between the
trimer and tetramer systems suggests that these differences
could only be explained by a full photophysical study which lies
beyond the scope of the current work.
Absorption data for thin films were also collected for those
tetramers that were selected for incorporation in devices
(Figure 2c). The λmax of films cast from chloroform solutions
followed the trend Br-BPPB-Br (λmax = 546 nm) > Br-PBPB-
Br (λmax = 536 nm) > Br-PPBB-Br (λmax = 510 nm) > Br-
PBBP-Br (λmax = 494 nm). Notably this trend is opposite to
their absorption maxima in solution Br-BPPB-Br (λmax = 493
nm) < Br-PBPB-Br (λmax = 507 nm) < Br-PPBB-Br (λmax =
508 nm) < Br-PBBP-Br (λmax = 512 nm) (Figure 2b). The fact
Figure 4. Electrochemical redox potentials and band gaps of
sequenced oligomers, expressed relative to vacuum. Electrochemical
band-gaps are indicated in eV. The color gradient is for illustration
purposes only.
DOI: 10.1021/acs.macromol.6b02215
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that these sequences exhibit a different pattern of absorption in
the solid state suggests that the interchain interactions and
short-range order are also sequence-dependent, with Br-BPPB-
Br exhibiting the largest red-shift and potentially the highest
degree of aggregation. Also consistent is the fact that we
observe larger sequence-based differences in the λmax
absorptions in the solid state (52 nm) than in solution (19
nm).
A selection of these oligomers were incorporated into solar
cells to further understand the impact of sequence on the
device performance (Figure 5, Table 2). On the basis of
literature reports of related molecules and the relatively short
conjugation lengths, we would only expect modest power
conversion efficiencies for these materials;5 however, we
hypothesized that any observed differences in the device-
related characteristics would offer insight into the effect of
sequence on the multiplicity of properties that contribute to
device performance. To investigate these properties, bulk
heterojunction (BHJ) solar cells were fabricated with the
configuration of ITO/PEDOT:PSS/oligomer:PC61BM (1:1)/
Ca/Al for selected oligomers: Br-PBP-Br, Br-PPB-Br, Br-
PBPB-Br, Br-BPPB-Br, and Br-PPBB-Br. The tetramer, Br-
PBBP-Br was not included due to synthetic challenges
(extremely poor solubility of intermediates) that precluded
the preparation of the quantities necessary for these studies.
The first sequence-based difference was observed in the
trimer series with the same 2:1 P:B ratio (Table 2). Br-PBP-Br
did not give any measurable performance in the solar cell, while
Br-PPB-Br exhibited a small but reproducible power
conversion efficiency (PCE) of 0.28%. PPB analogues with
different end groups (Br-BPP-CN and Br-PPB-CN) were also
studied (Table S1). The differences in PCE (0.28% - 0.37%)
between all three PPB analogues were negligible, therefore no
reliable conclusion about end group effects on solar cell
performance can be drawn from these data. Increasing the
conjugation length from trimer to tetramer increased the
overall performance of the materials as would be expected.48
For the 1:1 P:B ratio tetramers, the measured efficiencies
ranged from 0.47% for Br-BPPB-Br to 1.86% for Br-PBPB-Br,
a difference of ∼3×. Devices prepared with Br-PPBB-Br
exhibited an intermediate PCE of 0.79%. Please note that all
three devices had similarly thin active layers (∼85 nm) such
that the observed device performance can be directly correlated
with the optoelectronic properties of these oligomers. To
provide more insight into the reasons for these differences, the
hole mobilities of the BHJ blends were measured via the space
charge limited current (SCLC) method by fabricating hole-only
devices with the structure ITO/PEDOT:PSS/oligo-
mer:PC61BM (1:1)/MoO3/Al (Table S2). The hole mobilities
follow the trend Br-BPPB-Br (5.94 × 10−5 cm2 V−1 s−1) > Br-
PBPB-Br (2.87 × 10−5 cm2 V−1 s−1) > Br-PPBB-Br (1.58 ×
10−5 cm2 V−1 s−1). The relatively low hole mobilities are
consistent with the modest PCEs exhibited by these oligomers;
high fill factors are normally associated with mobility values of
∼10−3 cm2 V−1 s−1.49−52
Film topologies of neat tetramer films and photoactive layers
(tetramers/PC61BM) in solar cells were further characterized
by tapping mode atomic force microscopy (AFM). As shown in
Figure S13, distinct topologies in spin-cast neat films of three
tetramers were observed. Particularly, the root mean squared
(RMS) height of the neat Br-PBPB-Br film is much smaller
than that of the other two sequences (0.843 nm vs 14.2 and
17.2 nm). However, no obvious topology differences in
photoactive layers were observed between sequences (Figure
S14).
Computational Approach. Computational methods
provide a fast and relatively inexpensive mechanism to screen
optoelectronic properties of π-conjugated materials. Several
studies have found a high degree of correlation between density
functional theory (DFT) computed orbital eigenvalues, vertical
ionization potentials and electron affinities,53,54 though these
calculations yield nonphysical results.55,56 In addition, DFT
calculations provide accurate predictions of optical band gaps.57
In solution electrochemistry, redox potentials can be predicted
based on the free energy change.58,59 The adiabatic difference in
total energy between the neutral and positively or negatively
charged systems (ΔSCF) provides oxidation or reduction
potentials, respectively.
Since our objective was to reliably and accurately screen for
targeted properties of sequenced oligomers, we chose to extend
these regression techniques by use of a “consensus model” to
minimize both systematic and random errors, i.e., to improve
accuracy and correlation. The consensus model used here
combines two different computational predictions of an
Figure 5. Representative J−V output of photovoltaic devices based on
oligomers.




Br-PBP-Br 131 0.02 ± 0.01 0.455 ± 0.109 27.3 ± 1.4 0.00 ± 0.00
Br-PPB-Br 152 0.96 ± 0.04 0.824 ± 0.009 35.1 ± 0.4 0.28 ± 0.01
Br-BPPB-Br 85 1.45 ± 0.11 0.770 ± 0.016 41.2 ± 5.8 0.47 ± 0.10
Br-PPBB-Br 84 3.16 ± 0.16 0.717 ± 0.075 34.5 ± 1.7 0.79 ± 0.15
Br-PBPB-Br 89 4.85 ± 0.42 0.768 ± 0.036 49.4 ± 2.9 1.85 ± 0.26
aJsc: short circuit current.
bVoc: open circuit voltage.
cFF: fill factor. dPCE: power conversion efficiency.
DOI: 10.1021/acs.macromol.6b02215
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experimental property using multivariate regression, e.g.,
oxidation potential. For redox potentials, calculated HOMO
or LUMO eigenvalues and adiabatic total energy differences
(ΔSCF) were both used, and to predict optical absorption
energies, ZINDO and time-dependent DFT (TDDFT)
methods were combined with the HOMO−LUMO difference.
The computational method was parametrized on the trimer
and tetramer compounds that were synthesized. The electronic
properties of all possible dimer, trimer and tetramer sequences
were then predicted based on the derived models. (Table 3)
When palindromic sequences were examined (i.e., Br-PPB-Br
and Br-BPP-Br), energy differences in predicted oxidation
potentials (∼0.04 V), reduction potentials (∼0.01 V), and
optical absorption energies (∼0.03 eV) were observed due to
conformational differences.46
In general, computed and experimental parameters show
only small residual errors compared to their experimental
counterparts (Figure 6). We find mean unsigned errors (MUE)
between computed and experimental parameters after the linear
regression analysis to be very low, with 0.03 V MUE for
oxidation potentials (R2 = 0.70), 0.04 V MUE for reduction
potentials (R2 = 0.77), and 9 nm MUE for optical absorption
maxima (R2 = 0.89). The high degree of agreement is not
surprising because the sequenced oligomers define a closely
analogous series, and the consensus technique minimizes
systematic and random errors. With the limited number of
experimental electrochemical measurements, the correlation
coefficient R2 is deceivingly poor. Orbital shapes for each of the
oligomers prepared were computed and are plotted in Figure 7.
As the MUEs between experiment and computed properties
were low, we extended the calculations to longer oligomers to
explore the role of sequence and PP/BB pairings. The
electronic structure of all hexamers with 50:50 B:P ratios
were computed (Table 4, Table S4). Since conformational
effects can be significant, we again computed low energy
conformers for both “palindromic” orders (e.g., Br-PBPBPB-
Br and Br-BPBPBP-Br) to estimate the variations due to
conformational local minima. We find the variation to be ∼0.1
eV, on par with other estimates.46
■ DISCUSSION
There are notable but not surprising trends in the coupling of
the end groups to P vs B terminal units. When an electron-
withdrawing end group is attached to the acceptor B units, the
absorption maximum shifts to the red. In contrast, a blue shift is
Table 3. Consensus Model-Predicted Oxidation, Reduction,
and Gap Energies for Dimers, Trimers, and Tetramers
oligomer predicted Epeak
ox /V predicted Epeak
red /V ΔEgapcomp/eV
Br-PB-Bra 1.06 −1.47 2.55
Br-PB-CN 1.20 −1.53 −
Br-BP-CN 1.27 −1.43 −
Br-BPB-Br 0.84 −1.43 3.23
Br-PBP-Br 0.82 −1.44 3.36
Br-PBP-CN 0.96 −1.41 3.31
Br-PPB-Bra 0.81 −1.46 3.34
Br-PPB-CN 0.83 −1.45 3.12
Br-BPP-CN 0.99 −1.44 3.41
Br-PBB-CN 0.96 −1.40 3.09
Br-BPB-CN 0.94 −1.42 3.13
Br-BPPB-Br 0.66 −1.44 3.09
Br-PBPB-Bra 0.76 −1.41 3.07
Br-PBPB-CN 0.63 −1.41 3.11
Br-PPBB-Bra 0.71 −1.36 3.05
Br-PPBB-CN 0.80 −1.40 3.11
Br-PBBP-Br 0.76 −1.37 3.10
Br-PBBP-CN 0.70 −1.38 3.11
Br-BPPB-CN 0.65 −1.44 3.19
Br-BPBP-CN 0.63 −1.41 3.11
Br-BBPP-CN 0.64 −1.41 3.04
aAverage of values for two conformations.
Figure 6. Correlations between computed first oxidation potential,
first reduction potential, and optical excitation energies with their
experimental counterparts. Note that, for all predicted properties, a
consensus model of two predictors yields small residual errors
compared to their experimental counterparts.
Figure 7. Computed orbital shapes for trimers and tetramers studied.
DOI: 10.1021/acs.macromol.6b02215
Macromolecules 2017, 50, 151−161
156
observed when the electron-withdrawing group is attached to
the donor P unit, although the effect is smaller in magnitude.
Not surprisingly, the -CN group exhibited a larger effect than
the more mildly withdrawing Br end group. The electron-
donating C8 groups modestly increase the absorption maxima
when attached to P units and decrease it when attached to B
units. Overall, the Br group’s effects were found to be
sufficiently modest that sequence-based differences could be
differentiated without being masked/dominated by these Br
groups.
In examining the data, we observe that adjacent P units result
in higher HOMO levels and adjacent B units result lower
LUMO levels. For example the two dibromo tetramers with
higher HOMO levels (lower Eox) are Br-PPBB-Br and Br-
BPPB-Br, respectively. An even more dramatic difference is
seen for the LUMO levels, with Br-PPBB-Br and Br-PBBP-Br
exhibiting similar and much lower LUMO levels. The smallest
band gap is necessarily exhibited by the tetramer with both, i.e.,
Br-PPBB-Br.
In examining the calculations there are interesting finding
relevant both to end group effects and to sequence effects. We
observed that in longer sequenced oligomers, synthesized in
silico rather than more laboriously in the lab, the role of the
terminal groups is inherently lessened, and the effect of internal
sequence is therefore magnified. With regard to the effects of
alternation vs localized structures, we observe in these
calculated structures a noticeable correlation between the
number of “nodes” between P and B monomers and the
computed LUMO energies of the hexamers (Figure S18), but
little correlation with the HOMO energies. Since the
benzothiadiazole B repeat is known as a strong acceptor, this
suggests in longer oligomers, BB, BBB, and similar short blocks
play a significant role in influencing the optoelectronic
properties. Indeed, fewer nodes (i.e., longer Bn block length)
result in more negative LUMO energies and consequently
narrower band gaps. Consistently, our previous computational
data mining to estimate a general sequence effect in hexamers
suggested that acceptor block length, and not necessarily donor
effects, should be the most significant factor in controlling
optoelectronic properties,15 in good agreement with this work.
We note that our previous combined experimental−
computational investigation of the sequence effect in phenyl-
ene−vinylene based oligomers also showed a similar range of
electrical and optical properties for the tetramers.14 The
electrochemical gaps varied by ∼0.2 eV for both the series
discussed herein and the previous PPV-based oligomers. Thus,
despite the large difference in redox properties between the B
and P monomers (i.e., a strong donor−acceptor variation), this
does not translate into a larger sequence effect. These results
combined with previous computational investigations suggest
that sequence based effects may be easily investigated and
exploited in the more synthetically accessible donor−donor
polymers.13
Complex but distinct sequence effects were also manifested
in the solar cell studies of these materials. Because of the
relatively short conjugation lengths of these tetramers, the
PCEs of solar cells incorporating these oligomers in the
photoactive layer were modest (<2%). Nonetheless, these
measurements, combined with the related hole mobility and
spectroscopic studies, provide some interesting insights into
how sequence can potentially be used in the design of higher
performing materials. The symmetric tetramer Br-BPPB-Br
showed a thin film λmax that was 36 nm higher (i.e., red-shifted)
than that of Br-PPBB-Br. Interestingly, the absorption
maximum for all of these tetramers is red-shifted relative to
that observed for a 50:50 random copolymer of the P and B
monomers reported by Li et al.46 This observation suggests that
either the effective conjugation length in these random
copolymers is shorter than that of the tetramers or the
tetramers are packed more effectively in the solid state. The
latter explanation is supported to some degree by the fact that
the absorption maxima for the three tetramers follow the
reverse order in solution as they do in the solid state. The
mobilities also follow the same sequence-based trend as that
observed for the film absorptionthe oligomer Br-BPPB-Br
exhibited both the largest hole mobility and the longest solid-
state λmax.
A close inspection of photovoltaic device characteristics of
these three bromo-terminated oligomers (BPPB, PPBB and
PBPB) show that the open circuit voltage (Voc) only varies
slightly between 0.72 and 0.77 V. Given that Voc is largely
determined by the energy level difference between the HOMO
of the donor material (oligomers in this case) and the LUMO
of the acceptor material (PC61BM), the observed small
difference (∼0.05 V) is consistent with the observed HOMO
energy level difference among these three oligomers (∼0.10
eV). The small difference is not surprising, since one is
comparing a solution measurement (CV) to a film measure-
ment (Voc).
The short circuit current (Jsc), on the other hand, did show a
significant dependence on sequence. If we consider P as the
“donor”, and B as the “acceptor”, then we have three cases that
can be analyzed: BPPB (A−D−D−A) and PPBB (D−D−A−
A), vs PBPB (D−A−D−A). As the D−A alternating structure
is the dominant motif in conjugated copolymers,12,18,60−62 it
might not be surprising to find that the PBPB (D−A−D−A)-
based device gives the highest Jsc (and highest efficiency) in the
studied series. The D−D−A−A motif is the second best
performing sequence. The poorest performing sequence is the
symmetric, BPPB (D−A−A−D) motif. This behavior is
consistent with the hypothesis that a D−A structure (i.e.,
typically having a strong dipole) weakens the exciton binding
energy and the geminate recombination, thereby benefiting the
exciton separation and charge generation.63−66 Also, consistent
with this pattern, we found that the asymmetric trimer PPB
gave a modest overall solar cell performance while the
symmetric PBP gave no measurable response.







Br-PPPBBB-Br −4.79 −2.99 1.80
Br-PPBPBB-Br −4.80 −2.91 1.89
Br-PBPPBB-Br −4.81 −2.87 1.94
Br-BPPPBB-Br −4.77 −2.82 1.95
Br-BPBBPP-Br −4.81 −2.88 1.93
Br-BPPBPB-Br −4.83 −2.74 2.09
Br-BPPBBP-Br −4.70 −2.78 1.91
Br-PBBBPP-Br −4.86 −3.01 1.85
Br-PBPBBP-Br −4.87 −2.92 1.96
Br-PBPBPB-Br −4.66 −2.70 1.96
aAverage of values for two conformations.
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■ CONCLUSIONS
We find that sequence is important in both solar cell
performance and related properties. In addition to PCE, we
observe that absorption, emission, solid-state packing, hole
mobilities, and HOMO−LUMO energy levels are all sequence
dependent. We also demonstrate that using calculations we can
explore sequence-space to facilitate our understanding of
sequence-dependent behavior.
Although we see sequence dependence, it is clear that it
remains challenging to fully correlate structure with properties
in these oligomers. For example, while the optical and
electrochemical properties of oligomers can be readily
correlated with the sequence both experimentally and
computationally, the impact of sequence on the oligomer-
based device characteristics is much more difficult to under-
stand. This is not a surprise, given that it is still a grand
challenge to draw such correlations even with conjugated
polymers having multiple constructing units.67
Although not measured for these materials, it seems likely
that other characteristics that are important to device
performance, including domain size in BHJ blends, thermal
stability, etc. will likewise exhibit sequence dependence.
Particularly exciting is the potential for using sequence to
engineer multiple properties simultaneously. Among sequences
that exhibit a targeted intrinsic property, such as HOMO−
LUMO gap, a range of bulk properties could be exhibited
some sequences might pack well while others do not. The
inverse is also possiblea range of sequences could be
identified that exhibit a particular morphological trait and then
refined on a desired intrinsic property, such as HOMO level.
Future efforts will aim to correlate intermolecular interactions,
packing, film morphology, and interfacial organization with
sequence effects. The results should allow for combined
computational and synthetic rational design of materials that
can fulfill the complex set of requirements necessary for highly
efficient organic solar cells and other applications.
■ EXPERIMENTAL SECTION
General Materials. Br-P-CHO, Phos-P-CN, Br-P-Br, Phos-B-
CN, Br-PP-CHO, Br-PB-CN, Br-PB-CHO, Br-BP-CN, Br-BP-CHO,
Br-PBP-Br, C8-PBP-C8, Br-BPP-Br, and C8-BPP-C8 were synthe-
sized as described previously.14,47 Phos-B-Br and Br-B-CHO were
prepared according to the method of Jorgenson et al.68 and Lin et al.,69
respectively. DIBAL-H (1.0 M in hexanes) was purchased from
Aldrich and dispensed using air-sensitive techniques. LiCl was stored
in a 120 °C oven for at least 24 h before use. Dry THF from Sigma-
Aldrich was used for all reactions. CH2Cl2 was dried by passage
through an alumina-packed column. All other reagents and solvents
were used as received. Column chromatography was carried out on
standard grade silica gel (60 Å pore size, 40−63 μm particle size),
which was purchased and used as received.
Spectroscopy. NMR Spectroscopy. 1H (400 and 500 MHz) and
13C (100, 125, and 150 MHz) NMR spectra were recorded on Bruker
spectrometers. Chemical shifts were referenced to residual 1H or 13C
signals in deuterated solvents (7.26 and 77.0 ppm, respectively, for
CDCl3 and 5.32 and 54.0 ppm, respectively, for CD2Cl2).
Mass Spectrometry. High resolution mass spectra were recorded
on EI-quadrupole or ESI-TOF instruments in the Mass Spectrometry
Facility of the University of Pittsburgh. MALDI spectra were recorded
on Voyager-DE PRO instrument.
Optical Spectroscopy. Solution (CHCl3) UV/vis absorption
spectra were recorded on a PerkinElmer Lambda 9 UV/vis/NIR
spectrometer. UV/vis absorption spectra of films on glass substrates
were recorded on an Ocean Optics HR2000+CG-UV-NIR high-
resolution spectrometer. Solution (CHCl3) emission spectra were
recorded on a Varian Cary Eclipse Fluorimeter.
Electrochemistry. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were performed on a CHI Electrochemical
Workstation Model 430a (Austin, TX) collected using a three
electrode system consisting of a glassy carbon disk (3 mm dia.) as
working electrode, a nonaqueous Ag/Ag+ reference electrode (1 mM
AgNO3 in acetonitrile), and a Pt-wire as auxiliary electrode in 0.1 M
Bu4NPF6 in dry THF. CV were recorded at 100 mV/s. DPV
parameters were as follows: scan rate of 25 mV/s, pulse amplitude 0.05
V and pulse period 0.16 s.
Computational Methods. Each possible trimer and tetramer
sequence permutation was generated with a python script from the
monomer SMILES.70 An initial 3D structure was generated using
Open Babel 2.3.071 (accessed through Pybel72) and was minimized
using the MMFF94 force field73−77 to find a low energy minima
conformation. Final geometries were optimized using Gaussian 0978
with density functional theory (DFT) B3LYP/6-31G*.79,80 To
compare computational results with electrochemical experiments,
redox potentials were determined using a combination of orbital
energies (i.e., vertical ionization potential and electron affinity) and the
ΔSCF procedure, taking the adiabatic energy difference between the
optimized geometries of neutral and charged species using the
conductor polarizable continuum model (C-PCM) model for
tetrahydrofuran (THF).81 To compare with optical absorptions,
excitation energies and oscillator strengths were computed using
ZINDO82 and TDDFT using the optimized solution geometry of the
neutral species using the C-PCM solvation model83 for CHCl3. Images




The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macro-
mol.6b02215.
General methods, synthesis of sequenced oligomers,
additional cyclic and differential pulse voltammograms of
sequenced oligomers, additional absorption and emission
spectra of sequenced oligomers, atomic force microscopy
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